Recalibrated and geometrically registered multispectral images from the Imager for Mars Pathfinder (IMP) were analyzed using Spectral Mixture Analysis (SMA) and related techniques. SMA models a multispectral image scene as a linear combination of endmember spectra, and anomalous materials which do not fit the model are detected as model residuals. While most of the IMP data studied here are modeled generally well using "Bright Dust," "Gray Rock," and "Shade" image endmembers, additional anomalous materials were detected through careful analysis of root mean square (RMS) error images resulting from SMA. For example, analysis of SMA fraction and RMS images indicates spectral differences within a previously monolithologic Dark Soil class. A type of Dark Soil that has high fractional abundances in rock fraction images (Gray Rock Soil) was identified. Other anomalous materials identified included a previously noted "Black Rock" lithology, a class of possibly indurated, compacted, or partially cemented soils ("Intermediate Soil"), and a unit referred to as "Anomalous Patches" on at least one rock. The Black Rock lithology has a strong 900-1000-nm absorption, and modeling of the derived image endmembers using a laboratory reference endmember modeling (REM) approach produced best-fit model spectra that are most consistent with the presence of high-Ca pyroxenes and/or olivine, crystalline ferric oxide minerals, or mixtures of these materials as important components of the Black Rock endmember. More unique mineralogic identifications could not be obtained using our initial REM analyses. Both Intermediate Soil and Anomalous Patches units exhibit a relatively narrow 860-950-nm absorption that is consistent with the presence of either low-Ca pyroxenes or a cementing crystalline ferric oxide mineral. c 2002 Elsevier Science (USA)
INTRODUCTION
On July 4, 1997 the Mars Pathfinder (MPF) spacecraft landed on the Ares Vallis floodplain, where it returned data for 83 sols from a landscape strewn with rocks, boulders, and windblown fines. The landing site was selected as a "grab bag" site, so named because it was hoped to contain rocks transported from several geologic provinces by the Ares and Tiu Vallis outflow channel flood events (Golombek et al. 1997) . The expectation was that rocks from the ancient Noachian plateau and the Hesperian ridged plains would be present at the landing site. However, initial published results suggested only a single lithology. This inference followed from the very similar major element compositions for a small number of rocks as measured by the alpha proton X-ray spectrometer (APXS) mounted on the Sojourner rover (Rieder et al. 1997 , Brückner et al. 2001 . The extrapolated dust-free composition of the putative single lithology, as measured by the APXS, corresponds to a basaltic andesite (McSween et al. 1999) . These authors also report that the lithology corresponds well with the dominant "Gray Rock" spectral class observed in visible and near-IR multispectral data obtained by the Imager for Mars Pathfinder (IMP) instrument (Smith et al. 1997a,b) . Most differences in the spectral reflectance of rocks were attributed to variable coatings of dust. Soil at the MPF landing site consisted of bright drift material, darker fines, and a variety of related, but spectrally distinct soils (Bell et al. 2000) . The chemical composition of the six soil measurements made by the APXS indicates a soil very similar in composition to that measured at the two Viking landing sites, supporting the inference of a component of the soils having been globally homogenized by aeolian redistribution. Morris et al. (2000) calculated a chemical composition for this global-average soil that was consistent with a mixture of basaltic andesites and high-Al, Mg SNC meteorites. Chemical modeling by Bell et al. (2000) indicates that the soils measured by the APXS were not derived from the dominant andesitic Gray Rock lithology at the landing site, but were more consistent with palagonitic alteration of a rock of a more basaltic composition.
The original interpretation of the monolithologic makeup of the landing site has been challenged by Murchie et al. (2000 Murchie et al. ( , 2001 . In a reexamination of a more accurately calibrated and geometrically registered IMP dataset (e.g., , these authors observed the presence of at least two other sets of rocks whose spectra were distinct from that of Gray Rock and coated variants thereof. Assuming that these spectral classes equate with different lithologies, Murchie et al. (2000, in preparation) . Noted several examples of a Black Rock lithology with a deep 1000-nm absorption band. They also noted a single example of an "Orange Rock" lithology with a distinct 750-nm peak and a strong absorption band centered near 900 nm. These newly discovered minor lithologies occur at the landing site as small rocks, cobbles, or pebbles. The presence of these unique rocks indicates more lithologic diversity at the MPF landing site than was previously suspected; however, their small size indicates that the diversity is found in relatively low abundance and apparently only among small rocks.
Searching for low-abundance materials in spectral image data requires specialized data processing tools. Such tools have been developed and successfully applied to terrestrial multi-and hyperspectral datasets by a number of researchers. Particularly important are tools such as image endmember-based and reference endmember-based spectral mixture analysis (Adams et al. 1986 (Adams et al. , 1993 and foreground-background analysis (Smith et al. 1994) , which account for the reality of multiple materials within a sensor's field of view by modeling the recorded pixel radiance as a linear combination of endmember spectra. Materials present within the scene that have spectral signatures different from those of the endmembers, e.g., the low abundance materials noted above, can be detected as anomalies from modeled images.
In this paper, we describe a detailed search for spatially restricted, low-abundance materials within the most spatially and spectrally extensive, highest fidelity multispectral data set obtained during the Mars Pathfinder mission. First we describe the data set and the specific calibration and image processing steps used in its creation. Then we describe the spectroscopic analysis procedures that we used, focusing on techniques for identification of the most extreme spectral units in the scene and subsequent spectral mixture analyses using those units as endmembers. We then present our results from mapping the spatial distribution of these endmembers and describe the properties of three different classes of spectrally anomalous materials that we identified using our analysis tools. We also describe some preliminary results using reference endmember modeling methods, attempting to tie our derived image endmembers to laboratory spectra of specific rocks, minerals, and meteorites. Finally, we conclude with a discussion of the implications of our results for expanding our understanding of the composition and mineralogy of the Mars Pathfinder landing site.
DATA SET
We analyzed a recalibrated and geometrically registered version of the "Super Pan" data set, acquired in all 12 IMP bands (440-1000 nm) and covering most of the MPF landing site (Smith et al. 1997b , Golombek et al. 1999a . The Super Pan was acquired in eight separate image mosaics ("octants" labeled S0181 through S0188), with each mosaic consisting of many separate but contiguous camera azimuth and elevation pointing positions (each referred to as "segments"). The results described here focus on a subset of 10 segments shown in Table I . Version 3 of the IMP calibration algorithm (e.g., ) was used to calibrate the images to relative reflectance using images of the radiometric calibration targets (RCTs) acquired close in time to a given Super Pan image sequence ). There are a number of sources of potential systematic errors in the IMP calibration, including temporal and viewing geometry (phase function) differences between images of the scene and of the RCTs, and the changing balance of direct vs diffuse illumination of the surface depending on topographic slope, viewing azimuth, and time of day, and changes in the scattering properties of atmospheric aerosols (e.g., Tomasko et al. 1999 . Version 3 of the IMP calibration algorithm described by Reid et al. (1999) and attempts to compensate for some of these potential sources of systematic errors by scaling the radiance values of a scene image by the ratio of the total downward flux at the time of RCT acquisition to the total downward flux at the time of scene acquisition. The algorithm uses an approximation to the sky model of Tomasko et al. (1999) to essentially convert the scene brightnesses to values that they would be predicted to have had if observed simultaneously with the RCT images. The times for RCT image acquisitions associated with each of the Super Pan segments used here are shown in Table I . For 6 of the 10 segments used, RCT images were acquired within about 30 min of the scene images. For the other 4 segments, RCT images were acquired within about 30 min of the same local solar time as the scene images, but up to 4 sols apart.
ISIS was used to compute the subpixel registration offsets among different bands for a given scene and camera eye. The USGS geometric control network of the landing site was also used with ISIS algorithms to compute the appropriate map Note. Seg. = image segment number within each octant mosaic. Az. = IMP camera azimuth pointing. El. = IMP camera elevation pointing. SCLK = spacecraft clock time (number of seconds since launch). LST = local solar time of the observations, assuming 1200 is the time of solar zenith crossing at the landing site. RCT = radiometric calibration target.
projection parameters (cf. Kirk et al. 1999) . Using a single pixel resampling, the registration offsets and projection parameters were simultaneously used to produce left-and right-eye multispectral image mosaics for each of the eight separate image sequences (octants S0181 through S0188) that comprise the Super Pan. For reference, left-eye segments consisted of images acquired at 443, 671, 802, 858, 898, 931, 968 , and 1003 nm and right-eye segments consisted of images acquired at 443, 480, 531, 600, 671, 752, and 967 nm (Smith et al. 1997a) .
PROCESSING APPROACH
While the recalibration of the Super Pan data has mitigated photometric differences between the image segments that make up each octant, these differences have not been entirely eliminated. Within a given octant, residual artifacts such as subtle mosaic seams and photometric differences resulting from variability in image acquisition times may be enhanced by mathematical processing. In order to mitigate these effects, individual segments of a mosaic (see Table I ) were examined here one at a time, and spectra were extracted only from segments that were geometrically coregistered but not map-projected. Data from each eye of IMP were examined separately, though spectra extracted from representative units were later merged into a single spectrum spanning all IMP wavelengths (Fig. 1 ) in order to better determine, through examination of the spectral characteristics, the identity of the endmember and anomalous materials. Image regions that contained portions of the MPF spacecraft or sky above the horizon were masked and eliminated from the analysis.
To assess the degree of subpixel spectral heterogeneity, we applied linear spectral mixture analysis (SMA) to the image data. The basic equation for SMA, in vector form, is
where r (x, y) = the relative reflectance spectrum for the pixel at position (x, y), α = the vector of endmember abundances, M = the matrix of endmember spectra, and n = the vector of residuals between the modeled and the measured relative reflectances. The endmember spectra are those spectra that can be used to model, by linear combination, the measured reflectance of each pixel in the scene. This linear mixing approach assumes that different materials each occupy a distinct fraction of each pixel (checkerboard style) and that the resulting spectrum of that pixel can be represented by adding the component spectra in proportion to their fractional abundances (e.g., Adams et al. 1986 Adams et al. , 1993 . Nonlinear mixing effects, such as extremely thin dust coatings or weathering rinds which allow photons to penetrate to different substrate materials, are often not well modeled using such a simple linear approach.
The parameter n in Eq. (1) can be represented by a root mean square (RMS) error image in which the RMS error is calculated over all bands following Eq. (2),
where ε = the RMS error, M = the number of channels, c = channel number, and n = the vector of residuals between the modeled and the measured relative reflectances. The RMS error image provides an indication of how well the chosen endmembers model the spectral variability of the scene and whether there are additional materials present which are not well modeled by the endmembers. Examples of such additional materials include the low-abundance, spectrally unique materials sought in this investigation. Also, effects of nonlinear mixing could contribute to errors between the modeled and measured spectra; however, as discussed below, we identified only a few possible examples of such nonlinear effects.
In most image segments, we found that using only three endmembers (Bright Dust, Gray Rock, and Shade) could produce
FIG. 1.
Combined left-and right-eye relative reflectance , Bell et al. 2000 spectra of multipixel averages of typical (a) Bright Dust, (b) Gray Rock, and (c) Shade endmembers from a variety of different SuperPan octants. For this and all other spectra presented in this paper, left-and right-eye IMP spectra were extracted from separate image cubes and combined by comparing the relative reflectance values of each spot in the common 671-nm filter. The spectra were combined by: (1) determining which eye had the higher 671-nm reflectance and doing nothing to the relative reflectance values for that eye, and (2) adding the difference between the 671-nm relative reflectances to the relative reflectance values of all filters in the other eye. The error bars represent the standard deviation of the individual pixel spectra used to generate each average. low RMS model simulations of the observed spectra (Fig. 1) . The Shade endmember is not a physical material but rather represents the "dark point" in the image scene; i.e., an ideal shade endmember would be a shadowed surface with zero reflectance at all wavelengths. In the SMA implementation used in this study, the shade image endmember was first subtracted from the material endmember (Gray Rock or Bright Dust) spectra (Adams et al. 1986) . SMA was then run using only the nonShade material endmembers. The Shade fraction image was then calculated by subtracting the sum of the material endmember fraction images from 1.0. We note that the Shade endmember certainly includes a diffuse red (and nonlinear) "skylight" component (e.g., Thomas et al. 1999) . While subtracting Shade from the material endmember spectra does not rigorously remove the diffuse illumination component from the scene, it does allow us to make estimates of material endmember fractions that are much less (if at all) influenced by sky illumination. Analysis by Bell et al. (2000) has also shown that the sky illumination component is quite spectrally bland, with a smooth spectrum consisting of a reddish slope in the visible and a flat slope in the near-IR. The lack of distinct crystal field absorption bands in the spectrum of martian sky light (consistent with its origin from scattering by poorly crystalline, micron-sized ferric-bearing dust grains) further argues against diffuse illumination being a significant source of additional near-IR spectral variability in the IMP data analyzed here.
The endmembers used in this part of the analysis were referred to as image endmembers; i.e., averages of a small number of pixels taken to be the best, "purest" pixels of the material present in the scene (Adams et al. 1986 (Adams et al. , 1993 . Image endmembers are not necessarily the same as reference endmembers, which are laboratory or field measured spectra of pure minerals, mineral mixtures, or rocks of known compositions. Finding the best image endmember pixels is often difficult. However, a processing approach implemented with the commercial ENVI software package (Research Systems, Inc.) and developed initially for use with terrestrial airborne hyperspectral datasets (Boardman et al. 1995) has proven to be quite effective in finding appropriate image endmember pixels. This approach consists of first reducing the number of required channels by subjecting the multispectral data to a variant of principal components analysis known as the minimum noise fraction (MNF) transform
FIG. 2.
Two-dimensional scatter plot representation of first three MNF bands of a segment from octant S0184. The data cloud represented by the first three MNF bands (axes shown) was rotated to an orientation where it showed the largest amount of variation, and then it was collapsed onto this two-dimensional plot. The ellipse at the upper vertex of the triangular shaped data cloud defines shade image endmember pixels; the ellipse on the lower vertex defines the Bright Dust image endmember and the ellipse on the right defines the Gray Rock image endmember. (Green et al. 1988) . The MNF segregates signal into the first several components and noise into the later components. For larger scenes there is normally an intermediate step to reduce the number of spatial elements that are examined; however, in this case the image segments making up the octants were relatively small in size and could be considered as a whole (except for those cases of masked pixels noted above). A small number of endmembers accounted for most of the spectral variability in each segment. Hence, for each segment all pixels from the first three to four MNF bands were examined in three-to four-dimensional space through the use of an n-dimensional visualization tool in the commercial ENVI software package. Figure 2 shows one representation of data from the first three MNF bands of a given segment. The triangular shape of the data cloud reveals the location of at least three potential image endmembers , Adams et al. 1993 . Endmembers determined here by the n-dimensional visualization approach generally consisted of Shade, Bright Dust, and Gray Rock. Having determined a set of pixels corresponding to the extreme borders of the MNF transformed data cloud, averages of these pixels (e.g., averages of the pixels occurring within each of the ellipses in Fig. 2 for octant S0184) were used as the image endmembers in SMA (cf. Smith et al. 1990 ).
Alternatively, some endmembers or anomalous materials were mapped using the foreground/background analysis (FBA) technique (Smith et al. 1994) . FBA is an approach similar to SMA but computationally different in that it produces abundances not necessarily for single endmembers but rather for endmember groups, namely the desired "foreground" spectra with undesired "background" spectra nulled out. Like SMA, FBA produces fraction images in which the value of each pixel is related to the fractional abundance of the material (or group of foreground materials) in question. Fraction images produced by FBA can have superior contrast between foreground and background materials because the approach is not restricted to using a single image endmember spectrum to represent each image endmember. For example, multiple spectra of a single image endmember, illuminated under different geometries, can be used to achieve superior suppression of the undesired background spectra. In this study, FBA was used with select spectra of lowabundance materials for the purpose of producing high-contrast fraction images of those materials.
RESULTS

Endmember Fraction Images
As noted above, the MNF and n-D visualization approach to endmember selection followed by examination of the RMS error images generally shows that most segments are well modeled by just three endmembers ( Figs. 1 and 2 ). For example, Fig. 3 shows representative fraction images of Shade, Bright Dust, and Gray Rock from segment 20 of octant S0188.
The fraction images themselves generally indicate the expected patterns, e.g., relatively bare rock surfaces have fractions near 1.0 in the rock fraction images. Closer inspection, however, reveals several interesting patterns. The endmember used to model soils in Fig. 3 was a "Bright Dust" endmember. In general, each segment was modeled using a set of image endmembers drawn from within that segment itself. Consequently, there could be minor, but noticeable, spectral differences between the Bright Dust endmember used in one segment and that used in another. Comparison with the spectra published by Bell et al. (2000) indicates that the Bright Dust endmembers selected in the present work correspond to their "Bright I and II" classes. The "Dark" class of Bell et al. (2000) did not constitute a spectrally distinct endmember per se, but as part of the n-dimensional visualization stage of this analysis, the Dark Soils did constitute a discrete cluster within the confines of the larger data envelope (if Fig. 2 were three-dimensional, this cluster would be just below the Shade cluster and out of the plane of the page towards the reader). When viewed in the fraction images, some Dark Soils have detectable fractions even in the Bright Dust fraction images. This suggests that there may be more variability among the low albedo soils than was detected or inferred in the earlier study by Bell et al. (2000) . Those authors defined a single Dark Soil class; however, the present work indicates at least two spectrally distinct types of Dark Soil. These include (1) in the Rock fraction images and (2) a soil unit that is bright in the Rock fraction images. The variability of low albedo soils is discussed further below.
In certain scenes, patches of soil, generally surrounding large rocks but sometimes isolated, have relatively high Gray Rock fraction values. Figure 3d shows an example of this "Gray Rock Soil" unit near the rock named Calvin. Figure 4 shows an occurrence of this unit associated with a low albedo duneform deposit. The fact that there are occurrences of this unit away from large rocks (as in Fig. 4 ) strongly indicates that it is not just the result of scattered light from adjacent rock surfaces. However, the unit generally is seen surrounding larger rocks (Fig. 3c) and the reflectance spectrum of the unit shows similarities to a Gray Rock spectrum in the mineralogically diagnostic 800-1000-nm region (Fig. 5) . Thus, there may be a genetic relationship between the rocks and the Gray Rock Soil unit. This possibility is explored in further detail below.
There were some data segments that could be better modeled using four endmembers instead of three. Because the processing was done on left-and right-eye segments separately, data from the left and right eyes did not necessarily require the same number of endmembers, mainly because of the different wavelength bands available in each eye (Smith et al. 1997a) . For example, in left-eye segments where disturbed soil was relatively abundant, that material was spectrally distinct enough in the 800-1000-nm region to be used as a fourth endmember. Alternatively, in right-eye segments where dust-covered rocks were prominent, including notably some rocks that were caked with dust on their lower portions but were relatively clean near their tops, the lower rock portions were bright in the RMS error images, indicating that these portions were not well modeled by either rock or dust. Such instances are likely examples of nonlinear mixing between optically thin dust coverings or rinds that do not completely spectrally mask the underlying rock substrate 
FIG. 5.
Combined left-and right-eye relative reflectance spectra of Bright Dust, Dark Soil, Gray Rock, and Gray Rock Soil materials from SuperPan octant S0185. Each spectrum is the average of many tens of spectra of each material, identified through SMA and RMS images. The error bars represent the standard deviation of the spectra used to generate each average. e.g., Fischer and Pieters 1993 , McSween et al. 1999 , Johnson and Grundy 2001 .
Anomalous Materials Identified in RMS Error Images
Black Rock. The best examples of anomalous, lowabundance materials identified in the RMS error images that resulted from SMA of the left-eye segments were Black Rock cobbles and pebbles. Figure 3e shows the RMS error image from a portion of octant S0188. The bright region in the upper left (noted with an arrow in the RMS error image in Fig. 3e ) was not well modeled by the three image endmembers used and is an occurrence of the Black Rock lithology. Another example of an identification of the Black Rock lithology is provided in Fig. 6 . Figure 6a shows a 443-nm image of a portion of octant S0184. Figure 6b shows the RMS error image for that segment in which the Black Rock cobble has an anomalously high RMS value. Figure 6c shows a fraction image for that segment derived from foreground/background analysis, providing superior contrast between the Black Rock cobble and the background.
Black Rock is one of the anomalous rock types also discussed by Murchie et al. (2000) . While the pebbles and cobbles that we group together under the category of Black Rock share many important spectral characteristics, they differ in others. Figure 7 compares relative reflectance spectra of four types of Black Rock occurrences to a typical Gray Rock spectrum. None of the Black Rock spectra display a complete "1-µm" band. The right half of the absorption is truncated because IMP spectral coverage ended at 1 µm. However, the S0183 segment 5 example and, to a lesser extent, the S0185 segment 12 example show increases in reflectance in the longest wavelength band, whereas the Black Rock spectra from segments 8 and 14 apparently have minima at wavelengths longer than 1000 nm. Band minima near 950 nm and lower for ferrous-iron-bearing materials are consistent with low-calcium pyroxene (orthopyroxene and pigeonite), and band minima longer than 1000 nm are consistent with high-calcium pyroxene (clinopyroxene) and/or olivine (e.g., Adams 1974 , Cloutis et al. 1986 , Sunshine and Pieters 1993 . These band positions are also observed for the SNC meteorites, with the orthopyroxenite and basaltic SNCs having band minima between 900 and 1000 nm and the clinopyroxenite and dunite SNCs having band minima at wavelengths longer than 1000 nm (e.g., Gaffey 1976 , Bishop et al. 1998 .
Intermediate soil. Our analysis identified a correspondence between small clusters of high RMS error pixels and larger patches of soil with a morphology suggestive of an increased level of cohesion that may indicate induration or compaction (e.g., Arvidson et al. 1989 , Moore et al. 1999 , though not to the degree attained by "Scooby Doo" and other more clearly indurated soil deposits observed elsewhere at the landing site (e.g., Moore et al. 1999 , McSween et al. 1999 , Bell et al. 2000 . A good example of this material occurs in octant S0187. A color composite of a segment from octant S0187 is shown in Fig. 8a . Composite left-and right-eye spectra of this unit, which we are calling "Intermediate Soil," are shown in Fig. 9a . The S0187 segment 8 #1 and S0187 segment 8 #2 spectra shown in Fig. 9a are 8-and 12-pixel averages, respectively, from the arrowed regions in Fig. 8a . The S0187 segment 8 #3 spectrum represents the average of small, 1-to-3-pixel occurrences of a material with an even deeper 900-nm absorption, scattered throughout this unit. The small occurrences of this subset of Intermediate Soil material have deeper 900-nm band depths (∼10% versus ∼5%) than in the broader exposures of Intermediate Soil indicated by the segment 8 #1 and segment 8 #2 spectra in Fig. 9a . Association of these small clusters with the morphologically distinct Intermediate Soil unit in octant S0187 indicates that the small 1-to-3-pixel clusters might be a coarser-grained or fractionally more abundant component of the surrounding Intermediate Soil deposits.
Freckles on the "Desert Princess" in S0188 segments 13, 15. Another unusual material was found in the S0188 octant (Fig. 8b) . The RMS error image (Fig. 8c) showed a number of groupings of high RMS error pixels scattered across the face of the ∼27-cm-wide rock called Desert Princes. These high RMS error pixels corresponded to pixels that displayed a lighter tone when viewed in a composite of the 802, 671, and 443-nm lefteye channels, shown in Fig. 8b . Examination of the spectra of these pixels showed a discrete ∼900-nm absorption with, unlike the Intermediate Soil material, a high reflectance at the 671 through 802-nm wavelengths. The 900-nm absorption has a ∼7% band depth. A combined right-and left-eye spectrum of this unit, which we are calling "Anomalous Patches," is presented in Fig. 9b .
Reference Endmember Modeling
In an attempt to constrain further the mineralogic interpretation of image endmember spectra, we also performed a preliminary study using reference endmember modeling (REM) techniques. REM was one of the methods used by Adams et al. (1986) in their spectral mixture analysis of Viking Lander 1 multispectral image data. As noted above, image endmembers are pixel spectra taken to represent the purest materials in the scene; reference endmembers are laboratory or field measured reflectance spectra of known materials. While later iterations of the Viking lander multispectral data were more fully calibrated, the data set used in the Adams et al. (1986) study was incompletely calibrated, so that the equations used to solve for image and reference endmembers included terms for gain and offset. The well-calibrated data used in this study enabled comparison of image endmember spectra with potential reference endmembers.
Our REM analysis used a sample set of combined left-and right-eye 12-channel image endmember spectra of Shade, Bright Dust, Gray Rock, and Black Rock from octant S0185, segment 12 and octant S0183, segment 5. We created a reference endmember library (Table II) consisting of 43 spectra, including palagonitic and sulfatetic tephras from Mauna Kea , ferric oxyhydroxide precipitates (e.g., Farrand 1997), palagonite tuffs from tuff cones (Farrand and Singer 1993) , SNC meteorites , komatiites and columnar basalts , select pure mineral spectra from the USGS spectral library (Clark et al. 1993) , and reference shade (constant 0.01 reflectance), used essentially as a proxy for uniformly increasing or decreasing the reflectivity of model mixtures. The reference endmember spectra were convolved to the bandpasses of the IMP filters.
We modeled the image endmembers as successive combinations of the candidate reference endmembers. Specifically, each image endmember was modeled using a linear combination of three reference endmembers from the library: shade, a bright, altered "dust" endmember, and a darker, less altered "rock" endmember. In the model, the sum of the fractions was constrained to equal 1.0, and to allow for noise and calibration uncertainties in the data, individual reference endmember fractions were allowed to range from −0.1 to 1.1. The RMS error (as defined by Eq. (2)) was also calculated for each combination, and the model results were ranked by this goodness-of-fit metric. Because the models produced typical best-fit RMS residuals comparable in magnitude to the uncertainties in the data, additional modeling with greater numbers of reference endmembers per image endmember was not warranted.
Unfortunately, our REM results using the library in Table II and the approach outlined above did not yield solutions that could uniquely constrain the mineralogy of the Bright Dust, Gray Rock, and Black Rock image endmembers that we examined. For example, for each image endmember considered, each modeling run through the many thousands of possible REM library combinations returned from 20 to 30 cases with equally good RMS values and having reference endmember fractions that exceeded 0.8 for their associated image endmember (an arbitrary metric for a "close fit"). Examples are shown in Fig. 10 and Table III . While many model spectra were generated which fit the image endmembers quite well, in general the best- fit   FIG. 9. (a) Spectra of Intermediate Soil material from octant S0187 (Fig. 8a) and of the indurated soil Scooby Doo (spectrum 19 1 of Bell et al. 2000) . The "S0187 segment 8 #1" and "S0187 segment 8 #2" spectra are combined left-and right-eye spectra over 8-and 12-pixel averages, respectively, of the Intermediate Soil material. The "S0187 segment 8 #3" spectrum is a left-eye 3-pixel average representative of the 1-to-3-pixel clusters observed in the left-eye data that have a deeper 900-nm band and that can occur in isolation from larger, morphologically distinct deposits of Intermediate Soil. (b) Combined left-and right-eye spectrum of an average of 9 pixels from several clusters of Anomalous Patches material on the rock called Desert Princess in segments 13 and 15 of octant S0188 (Fig. 8b) .
FIG. 10.
Examples of reference endmember modeling (REM) analysis of image endmember spectra identified from our SuperPan multispectral image analyses. Gray Rock, Black Rock, and Bright Dust image endmembers from octant S0183 segment 5 (left column of plots) and S0185 segment 12 (right column of plots) were modeled using the REM library in Table II . In each plot, open symbols and dotted lines are the library spectra used to model each image endmember (open square symbols), and the lowest RMS model spectrum from each entry in Table III is plotted as a solid line and filled circles. See text for details. models did not provide consistent mineralogic inferences for each image endmember. For example, models of the Black Rock image endmember having equally low RMS values were generated (a) using an altered, bright dust endmember with a strong crystalline ferric absorption in the 900-1000-nm region mixed with a dark, relatively spectrally neutral rock endmember, and (b) using an altered, nanophase iron-oxide-bearing bright dust endmember mixed with a dark rock endmember that exhibits strong ferrous absorption in the 900-1000-nm region. By the metric of RMS error, both of these models are equally Clark et al. 1993. good however, each has substantially different compositional implications for the interpretation of the Black Rock image endmember (i.e., one used the broad 900-nm ferric band to mimic the strong Black Rock 900-1000-nm reflectance feature, and the other used the broad 950-nm ferrous band). Similar interpretive nonuniqueness was encountered in our REM analysis of Bright Dust and Gray Rock image endmember spectra.
We believe that it was important to attempt this simple initial REM modeling approach, because several previous multispectral imaging and imaging spectroscopic studies have shown that REM analysis can reveal unique mineralogic insights (e.g., Farrand 1997, Farrand and Singer 1993, Farrand et al., in preparation) . However, it is clear from our study that either an expanded reference library (including additional mineral endmembers as well as consideration of physical effects like grain size and sample texture), higher spectral resolution imaging, and/or a more refined similarity metric than RMS is required in order to derive more compositionally unique and diagnostic solutions from quantitative mixing methods like REM. Indeed, we are exploring additional quantitative metrics such as spectral angle measures, spectral feature (band depth) fitting, and spectral correlation measures to compare "unknown" spectra to a spectral library as part of an expanded companion study to this paper (Farrand et al., in preparation) .
DISCUSSION
Observations of previously unreported materials made in this study fall into two broad classes: widespread, but spectrally subtle materials, and isolated, small occurrences of spectrally very distinct materials. The Gray Rock Soil unit falls into the first class. There are numerous occurrences of this unit, mainly concentrated around rocks and boulders, but also in isolated drifts (e.g., Figs. 3d and 4) . It is widespread, and as the spectra in Fig. 5 show, it is superficially spectrally similar to "normal" Dark Soil. However, Gray Rock Soil is spectrally distinguishable from Dark Soil using SMA because it exhibits a near-IR band with a center near 950 nm (more like Gray Rock) rather than near 860-900 nm (more like Bright Dust). In fact, Gray Rock Soil might not have been recognized as a separate unit were it not for the use of spectral mixture analysis of the scene using just Gray Rock, Bright Dust, and Shade endmembers (e.g., Figs. 3 and  4) . In those models, some regions exhibiting the morphology and texture of soils showed up prominently in the Gray Rock fraction images. These regions were subsequently identified as Gray Rock Soil patches.
Because of its general physical association with nearby rocks, the Gray Rock Soil unit could be the result of mechanical weathering of the rocks. That is, the Gray Rock Soil unit could be the comminuted remains of spalls and flakes from the rocks at the landing site. However, the existence of some isolated Gray Rock Soil patches (not directly or obviously associated with an adjacent rock) indicates that this unit may be locally mobile-that is, transported by occasional strong winds and collected into small drift or duneform deposits. Spectrally, Gray Rock Soil appears to be similar to Gray Rock in the 800-1000-nm region, but to Dark Soil in the 440-800-nm region. This implies that Gray Rock Soil may be a physical mixture of coarser-grained aeolian fines (Bell et al. 2000) and small Gray Rock spalls and flakes. Alternately, individual Gray Rock Soil particles may be small flakes or spalls of dust-coated Gray Rock surfaces. For example, Adams et al. (1986) performed an SMA study of Viking Lander 1 multispectral data and also observed the presence of a dark soil, putatively derived by mechanical weathering of rocks. Prominent among the second category of spectrally very distinct, small in size, and relatively sparse in occurrence materials are the Black Rock pebbles and cobbles. This lithology was first described by Murchie et al. (2000) . These authors noted that while the elemental abundances of the Gray Rock lithology (the "soil free rock" of Rieder et al. 1997 and McSween et al. 1999) are consistent with a normative high-Ca pyroxene, the shorter wavelength absorption evident in the Black Rock lithology could be indicative of a greater abundance of lowCa pyroxene. While our reference endmember modeling study did not generate unique compositional solutions for the Black Rock image endmembers, the best-fit models consistently included rock reference endmembers containing or consisting of relatively high-Ca pyroxene and/or olivine (e.g., ALH77005, Lafayette, Governador Valaderes; Clark et al. 1993 , McSween 1994 as well as dust reference endmembers containing wellcrystalline ferric oxide minerals (e.g., altered palagonitic tephras and ferric precipitates; Farrand 1997 . The presence of these kinds of materials in models of the Black Rock spectra is consistent with the need for a spectral component that can match the increased strength and perhaps shorter wavelength position of the 900-1000-nm absorption seen in Black Rock image endmember spectra compared to Gray Rock image endmember spectra (Fig. 7) . In fact, it is possible that both ferric and ferrous components could be responsible for the nature of the 900-1000-nm absorption seen in Black Rock image endmember spectra. For example, Morris et al. (1995) analyzed spectra of mixed ferric/ferrous impact melt rocks from Manicouagan impact crater and found that such mixtures could provide good matches to some Mars telescopic spectra in the 900-1000-nm region.
The best examples of the Black Rock lithology (i.e., those occurrences that are most prominent in the RMS error images resulting from SMA) all occur among the smallest size fraction of rocks (cm-sized cobbles and pebbles; Golombek et al. 1999b ). While other explanations are possible, this observation is consistent with these materials having been transported the greatest distances from the landing site by the Ares and Tiu Vallis outflow channel flood events. Another possibility is that these small anomalous rocks are allochthonous fragments of material ejected laterally by impact events. Murchie et al. (2000 Murchie et al. ( , 2001 ) also noted what they termed an Orange Rock lithology with a reflectance maximum at 750 nm and a relatively short band minimum in the 900-nm channel. While the particular example of Orange Rock cited in Murchie et al. (2000) did not show up as anomalous in our SMA analysis of the segment containing it (S0188), their example is comparable to some Black Rock occurrences that we found, such as the one from octant S0183, segment 5 shown in Fig. 7 .
Also in the category of spectrally distinct but rare in occurrence are the small, spectrally Anomalous Patches material on the rock called Desert Princess from the S0188 octant. These patches could be vesicles filled with altered soil or dust, cobbles in a conglomerate rock, or perhaps even phenocrysts of a composition distinct from the rock matrix. Unfortunately, the patches are near the limit of resolution of the IMP camera, and a search of the Sojourner rover camera image archive revealed no closeup rover images of this particular rock. The material's limited spatial extent, coupled with the wavelength-dependent decrease in IMP spatial resolution and the generally lower calibration fidelity of the IMP 965-nm filter data (e.g., Reid et al. 1999) , results in relatively large uncertainties in the spectrum of this unit, especially at the longest wavelengths. The Anomalous Patches material spectrum in Fig. 9b shows evidence for a narrow 900-950-nm absorption band that could be consistent with the presence of low-Ca pyroxenes such as those studied in lab samples by Sunshine and Pieters (1993) or in SNC meteorites (Bishop et al. 1998 . However, signal-to-noise ratio limitations prevent a more detailed compositional analysis of this materials's spectral properties using the methods described here.
Small occurrences of Intermediate Soil material with a distinct 900-nm band minimum share some spectrally distinct factors with both Black Rock and Anomalous Patches materials. Intermediate Soil is widely distributed in small, discrete spots or clusters of pixels seen to occur in the RMS error images from a large number of image segments. It is associated in several instances with larger occurrences of morphologically distinct "outcrops" of what appears to be indurated, compacted, or partially cemented soil. These soil deposits generally exhibit a ∼5% deep 900-nm absorption, with an even deeper band occurring in the smaller occurrences noted in the RMS error images. The smaller clusters with the deeper 900-nm band might be smaller occurrences of a more fractionally abundant or coarser-grained cementing agent like a ferric oxide or oxyhydroxide (e.g., Clark and Van Hart 1981 , Bishop et al. 1995 , which in the larger occurrences of Intermediate Soil is spectrally masked by other lower albedo sedimentary grains. Alternately, this narrow short wavelength feature may indicate the presence of low-Ca pyroxene (e.g., Sunshine and Pieters 1993 , Bishop et al. 1998 , presumably from intermixed subresolution rock or soil fragments.
CONCLUSIONS
We have examined recalibrated and spatially registered Imager for Mars Pathfinder multispectral panoramas and have found evidence for small, spatially coherent and spectrally distinct deposits of previously unrecognized materials. These materials fall into four main categories: (1) "Gray Rock Soil," which consists of low albedo soil or drift deposits that are spectrally similar to the Gray Rock spectral unit of McSween et al. (1999) in the 800-1000-nm region and to the Dark Soil spectral unit of Bell et al. (2000) in the 440-800-nm region and that are probably physically weathered spalls or fragments of locally occurring Gray Rocks; (2) "Black Rock," which consists of small possibly pyroxene-bearing pebbles and cobbles with a distinctly stronger and slightly shorter-wavelength "1-µm" absorption feature than the ubiquitous Gray Rock unit of McSween et al. (1999) and which is similar to the anomalous materials initially identified by Murchie et al. (2000) ; (3) "Intermediate Soil," which consists of widespread but small deposits of bright, possibly indurated drift material with a deeper than average 900-nm band that might be caused by a ferric-rich cementing agent; and (4) "Anomalous Patches," observed so far only on the rock known as Desert Princess, and consisting of small occurrences of material with an even deeper 900-nm band than Intermediate Soil with a high reflectance at the 670 through 800 nm wavelengths.
These results reinforce the common assumption that higher spatial resolution, well-calibrated multispectral imaging, and spectroscopy investigations on future Mars lander and rover missions are likely to enable the identification of even more spectrally diverse but perhaps spatially rare rock and soil lithologies on the surface of Mars.
